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ABSTRACT 
 
Over the past few decades, there have been tremendous innovations in electronics and 
photonics. The development of these ultra-fast growing technologies mostly relies on fundamental 
understanding of novel materials with unique properties as well as new designs of device 
architectures with more diverse and better functionalities. In this regard, the promising approach 
for next-generation nanoscale electronics and photonics is to exploit the extraordinary 
characteristics of novel nanomaterials.  
There has been an explosion of interest in graphene for photonic applications as it provides 
a degree of freedom to manipulate electromagnetic waves. In this thesis, to tailor the broadband 
blackbody radiation, new aperiodic multilayer structures composed of multiple layers of graphene 
and hexagonal boron nitride (hBN) are proposed as selective, tunable and switchable thermal 
emitters. To obtain the layer thicknesses of these aperiodic multilayer structures for maximum 
emittance/absorptance, a hybrid optimization algorithm coupled to a transfer matrix code is 
employed.  
The device simulation indicates that perfect absorption efficiency of unity can be achieved 
at very narrow frequency bands in the infrared under normal incidence. It has been shown that the 
chemical potential in graphene enables a promising way to design electrically controllable 
absorption/emission, resulting in selective, tunable and switchable thermal emitters at infrared 
frequencies. By simulating different aperiodic thermal emitters with different numbers of graphene 
layers, the effect of the number of graphene layers on selectivity, tunability, and switchability of 
thermal emittance is investigated. This study may contribute towards the realization of wavelength 
selective detectors with switchable intensity for sensing applications. 
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CHAPTER 1 
INTRODUCTION 
 
1.1   Historical background and motivation 
At finite temperatures, all materials emit electromagnetic radiation due to the thermally 
induced motion of particles and quasiparticles [8]. A perfect thermal emitter follows Planck’s law 
of blackbody radiation, which is broadband, incoherent and isotropic, with a spectral profile and 
intensity that are dependent on the emissivity of a material, and that vary only with changes in 
temperature. However, it is desirable to have an emitter that radiates only within a certain 
frequency bandwidth, i.e. a selective emitter, for various applications, including infrared sensing, 
thermal imaging, and thermophotovoltaics. The spectral features of the controlled thermal 
emission (e.g. wavelength, bandwidth, peak emissivity, and angular characteristics) are strongly 
dependent on the choice of both materials and structures of the emitters. It has been shown that the 
directionality and coherence of blackbody emission can be controlled by nanoengineered 
structures such as patterned gratings [9, 10], photonic crystals [11, 12], microcavity resonators 
[13-16], metasurfaces [8, 17, 18], and graphene nanostructures [19, 20]. Using the appropriate 
design of optical nanostructures, arbitrary shaping of thermal emission spectra can be realized, 
from single-peak ultra-narrowband emission for mid-infrared sensing [21] to a stepwise emissivity 
spectrum for thermophotovoltaics [22]. Coherent infrared thermal emitters with tunable emitting 
frequencies in a broad spectral range are highly desired for numerous promising applications in 
energy harvesting [16, 23, 24], chemical sensing [25], infrared (IR) sources [26], thermal circuits 
[19, 27], and radiative cooling [28].  
The basic method to achieve narrowband absorptivity (emissivity) is the direct use of rare 
earth oxides, which inherently cause strong absorption at fixed wavelengths [29, 30]. However, 
the arbitrary control of an emission wavelength or an emission bandwidth is limited to the 
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properties of chosen materials that determine the magnitude of interaction between light and 
materials. A selective emitter can be achieved by photonic bandgaps in photonic crystals composed 
of metallic and dielectric structures [9, 31]. As electromagnetic fields are strongly attenuated below 
the plasma frequency of metals [32, 33], they introduce more flexibility in creating a thermal 
emitter with broadband frequency selectivity [34, 35]. In addition, metals are potentially suitable 
for near-infrared selective thermal emitters, since they have large absorption in the near infrared 
frequencies with stable properties at high temperatures. However, metals have also high 
reflectivity in mid- and far- infrared frequencies and consequently structures composed of metals 
can potentially show a low emissivity [36]. As such, the surface is required to be modified 
periodically by an array of grooves [34] or holes [35] to enhance emission at infrared frequencies. 
In this way, the radiative and absorptive rate of the photonic crystal resonances dictates the 
emissivity spectrum so that the geometrical parameters enable a broadband, selective thermal 
emitter.  
A narrowband thermal emission can be achieved using metallic nanostructures so that the 
optical resonant modes, confined in so-called Salisbury screen [37] and Fabry–Perot cavity [38, 
39], are excited on the metal surface, leading to enhanced absorptivity (emissivity) at those 
resonant wavelengths [12, 18, 22, 40-43]. According to the Purcell effect [44], thermal radiation 
from an optical resonator can be dramatically modulated by the resonance mode designed in the 
infrared range, leading to narrowband thermal emission at the resonant frequency. Liu et al. [45] 
demonstrated that the matched mode of the emitter can be lost when the resonance mode is 
electrically quasi-static, i.e. the electric field oscillates in phase, resulting in the fundamental limit 
of the spectral thermal emission power from an optical resonator.  
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Metamaterials based structures have also led to narrowband thermal emission [8, 46-52]. 
The effective permittivity and permeability of the entire structure are artificially controlled by 
combining subwavelength metallic elements with thin dielectric layers in a properly designed 
structure [53], leading to perfect absorption [9, 44, 54, 55] (maximum emission) at the resonant 
wavelengths. It should be noted, however, that strong free carrier absorption due to metals leads 
to undesired emission over an extensive wavelength range together with the broadening of the 
emission peaks in selective thermal emitters designed by photonic crystals and metamaterials [56]. 
In addition, a narrowband resonance achieved in these structures cannot be changed dynamically 
to other operation frequencies due to the limitation in the properties and functionalities of available 
conventional metals.  
Infrared frequency-tunable coherent thermal emitters play an important role in material 
analysis providing noninvasive information on chemical composition and bonds. The dynamic 
control of thermal radiation has been demonstrated through in situ modification of material 
emissivity. This has been achieved with nanophotonic structures that incorporate phase change 
materials so that the emissivity can be electronically manipulated by controlling the charge 
injection, and consequently the polariton modes in the structure. Cong et al. [57] demonstrated 
that a tunable selective absorber can be designed by InSb, whose carrier density can be adjusted 
by utilizing optical pump or changing the surrounding temperature, altering the resonance 
frequency of split rings. Similarly, tunable perfect thermal emitters could be  designed by the 
genesis of new materials as well as novel design of photonic and electronic structures.  
Graphene, an atomic layer of carbon, provides a unique platform for controlling thermal 
emittance at infrared wavelengths. It has excellent electronic, photonic, mechanical, and thermal 
properties. For instance, graphene is a zero-bandgap semi-metal with high carrier mobility at room 
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temperature that allows strong interaction with terahertz (THz) and mid-infrared (MIR) waves [58, 
59]. The propagation of these waves can be actively controlled by varying the chemical potential1 
in graphene, which can be tuned by chemical doping, voltage bias, external magnetic field, or 
optical excitation [7]. However, graphene has low single-pass optical absorption due to its single-
atom-layer thickness and thus total absorption can be only achieved by novel designs of graphene-
based nanostructures. Thongrattanasiri et al. [20] demonstrated tunable perfect absorbers with 
graphene ribbon array on dielectric spacer and metallic substrate [20, 60]. Wang et al. [61] 
demonstrated an infrared (IR) frequency-tunable selective thermal emitter made of graphene-
covered silicon carbide (SiC) grating whose resonance frequency can be dynamically tuned by 
~8.5% by varying graphene’s chemical potential. Fang et al. [62] demonstrated tunable selective 
absorption in graphene disk arrays.  
1.2   Outline of the thesis 
In this thesis, new graphene-based aperiodic multilayer structures are presented as 
selective, tunable, and switchable infrared thermal emitters. The remainder of this thesis is 
organized as follows. In Chapter 2, the structure of graphene and other two-dimensional (2D) 
materials are first introduced, followed by a summary of graphene’s electrical and photonic 
properties. By conducting a brief literature review, several graphene nanostructures for photonic 
applications are presented as well.  
Chapter 3 is dedicated to physical models, as well as simulation methods and equations. 
The blackbody radiation of thermal emitters is first presented, followed by the transfer matrix 
                                                          
1 The chemical potential and Fermi level basically correspond to the same physical quantity in 
material science so that the Fermi level EF is the total chemical potential µc for electrons in the 
system. As both terms have been frequently used in the literature, these two terms are used 
interchangeably throughout this thesis. 
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equations for simulating the absorptance/emittance of aperiodic multilayer structures. Then a 
hybrid optimization method, consisting of a micro-genetic global optimization algorithm coupled 
to a local optimization algorithm, is briefly introduced. This method is employed for finding the 
thicknesses of layers in the proposed aperiodic multilayer structure. Finally, to calculate the optical 
conductivity of graphene, the Kubo formalism is presented, followed by a discussion of the effect 
of changing the chemical potential on graphene’s refractive index.  
In Chapter 4, the proposed graphene-based aperiodic thermal infrared emitter is presented. 
Using a genetic optimization algorithm and a transfer matrix code, the layer thicknesses and 
materials are optimized to maximize the absorptance/emittance for normal light incidence at a 
single wavelength. Then, the simulation results are studied, focusing on the selectivity, tunability, 
and switchability of this infrared thermal emitter. 
Chapter 5 presents five different aperiodic thermal emitters with 8, 13, 23, 28, and 32 layers 
of graphene. These aperiodic multilayer structures are optimized using genetic optimization 
algorithm to determine the best structure's dimensions at a given wavelength in mid-infrared range. 
Using the optimized aperiodic structures, the effect of the number of graphene layers on selectivity, 
tunability, and switchability of thermal emittance are studied. Finally, in Chapter 6, the conclusions 
and recommendations for future work are summarized.  
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CHAPTER 2 
GRAPHENE PROPERITIES AND APPLICATIONS 
 
2.1 Introduction 
In this chapter, the structure of graphene and other 2D materials are first presented, 
followed by describing the possible spectral ranges covered by some of these materials. Then, the 
electronic and photonic properties of graphene are presented. At the end, the promising 
applications of graphene are briefly overviewed along with the expected time for their 
implementation. 
2.2 Graphene and its physical geometry/morphology 
Graphene is a one-atom thick sheet of sp2 hybridized carbon atoms arranged in a 
honeycomb lattice, and thereby the thinnest possible material in nature. Since the middle of 20th 
century, graphene has been studied theoretically as the building block of carbon allotropes, as 
shown in Fig. 2.1 [1]. It can be wrapped into closed zero-dimensional (0D) fullerenes, rolled into 
one-dimensional (1D) carbon nanotubes (CNTs), or stacked into three-dimensional (3D) graphite. 
However, graphene as a material on its own was first discovered in 2004 [63], because the stability 
of 2D crystals was not considered to be possible for a long time due to thermodynamic fluctuations 
[64]. The mechanical cleavage of graphite paved the way for isolating a single layer of graphene 
deposited on an oxidized silicon substrate. This groundbreaking experiment was considered as the 
first observation of a stable 2D material, which led to the award of the Nobel Prize in Physics in 
2010 [65]. Since its discovery, graphene has soon emerged as a promising nanomaterial for novel 
applications in electronics as well as in photonics due to its remarkable electrical and optical 
properties, which will be explained to some extent in this chapter.  
The discovery of graphene opened up a new field of research for many other 2D materials 
wherein the thickness of the materials under investigation is orders of magnitude smaller than the 
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wavelength of the light involved. The wide range of material properties makes it possible to 
construct various nanophotonic devices by combining 2D materials with different number of layers 
and compositions. Many 2D materials strongly interact with light and cover a very wide 
electromagnetic spectrum from microwave to ultraviolet due to their diverse electronic properties, 
as shown in Fig. 2.2 [2]. For instance, the gapless nature of graphene attracted significant attention 
due to its strong interaction with photons in a wide energy range from microwave to ultraviolet 
[66, 67], as well as its high carrier mobility for high speed applications in a broad wavelength 
range. The absorption coefficient of graphene exceeds 5×107 m-1 in the visible if it is normalized 
to its atomic thickness, which is more than 10 times larger than those in gallium arsenide and 
silicon [2, 68]. As such, the interaction with light can be further enhanced using graphene 
multilayers for practical device applications. 
 
 
Figure 2.1: Graphene is a 2D building material for carbon materials of all other carbon allotropes 
which can be wrapped up into 0D fullerenes, rolled into 1D CNTs or stacked into 3D 
graphite. The figure is adopted by permission from [1]. The permission letter is 
attached in Appendix B. 
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hBN is another important type of 2D material [69, 70] as shown in Fig. 2.2 (b). Since hBN 
has 2D atomic structure similar to graphene, it has been proposed as a promising complementary 
insulator layer [71]. hBN can be incorporated in various heterostructures for insulating other 
conducting 2D materials due to its large bandgap of ~6 eV. Single layer transition metal 
dichalcogenides (TMDC) such as MoS2 and WSe2 are also direct bandgap semiconductors [72, 
73], as shown in Fig. 2.2(c). These 2D materials have a sizable optical bandgap greater than 1 eV 
that leads to many applications such as the realization of efficient light emitting devices. Another 
recently discovered layered material with a direct bandgap is black phosphorus (BP) [74] [Fig. 
2.2(d)]. The bandgap of BP is sizable: from ~0.3 eV in its bulk form to ~2 eV by reducing the 
number of layers [75, 76], allowing the realization of mid-infrared photonic devices in a broad 
wavelength range. 
The photonic devices can be constructed in the form of vertical heterostructures using 
different 2D materials such as 2D semiconductors (MoS2, BP), 2D insulator layers (hBN) and 2D 
metallic layers (graphene, TiS2, etc.). Figure 2.2(f) shows such an infrared light emitting diode 
(LED), which consists of both narrow gap BP and larger gap TMDCs. Here, because of its tunable 
direct bandgap, BP can be utilized as an active material for tunable light emission [76], graphene 
can be used to minimize contact resistance, and TMDC materials  such as p-type WSe2 and n-type 
MoS2, can be used for injection of holes and electrons into active layers. The injected carriers are 
trapped within BP for light emission due to the offset of bandgap energy at the BP/TMDC 
interfaces. Such an ultra-dense hybrid structure is not affected by lattice mismatch because 
different lattices of 2D materials are only weakly bonded by van der Waals forces without any 
dangling bonds. 
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Figure 2.2: (a) A diagram of the electromagnetic spectrum represented by a rainbow arrow. 
Applications utilizing different spectral ranges are presented in the top portion of the 
panel. NIR, MIR, and FIR correspond to near-, mid-, and far-infrared, respectively. 
The atomic structures of hexagonal boron nitride (hBN), molybdenum disulfide 
(MoS2), black phosphorus (BP), and graphene are shown in the bottom of the panel 
(from left to right).  (b), (c), (d), (e) The bandstructures of a single layer of hBN, MoS2, 
BP, and graphene, respectively. (f) Schematic of a light emitting diode using 2D 
heterostructures. A narrow gap BP thin film is sandwiched between large gap TMDCs 
with p- and n-doping for injection of holes and electrons, respectively. The figure is 
adopted by permission from [2]. The permission letter is attached in Appendix B. 
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2.3 Electronic properties 
The band structure of graphene can be obtained from nearest-neighbor tight binding 
calculation on the out-of-plane 2pz orbitals [77].  The hexagonal lattice of graphene, as well as the 
corresponding Brillouin zone are shown in Fig. 2.3. By assuming the interactions between first 
nearest neighbor carbon atoms, the closed form of the dispersion relation of graphene can be 
calculated [4] as follows: 
2
 
3
( ) 1 4   4 cos
2 2 2
y cc y ccx cc
k a k ak a
E k t cos cos    ,                                    (2.1) 
where 1.42 cca Å  is the carbon-carbon atomic distance, xk  and yk  are wave vectors in x  and y  
directions, and t = 2.8 eV is the nearest neighbor hopping energy. Figure 2.4(a) shows the full 
band structure of graphene. It can be observed that there are two sets of three cone-like points K 
and K’ on the edge of the Brillouin zone, where the conduction and valence bands meet each other 
in momentum space. The behavior of charge carriers near these points resembles the Dirac 
spectrum for massless fermions [78], thereby named Dirac points. The dispersion relation near 
Dirac points can be assumed linear. This cone-like approximation leads to the square root 
dependence of the charge density on the Fermi level, i.e. the chemical potential, with respect to 
the value at the Dirac point as follows [4]: 
  F F FE k k E n       ,                                         (2.2) 
where  is the reduced Planck constant and 610 /F m s   is the Fermi velocity, k   is the 
momentum near the Dirac point, and n is the charge density in graphene. The presence of 2D Dirac 
fermions in graphene and the square root dependence was observed in two experiments for the 
graphene cyclotron mass and the half-integer quantum Hall effect [78, 79]. Charge carriers near 
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Dirac points behave like relativistic particles ideally transporting with Fermi velocity, which is 
theoretically  ~300 times slower than the speed of light [78].  
Another extraordinary feature of graphene is that there is no energy gap between 
conduction and valence bands at Dirac points. As such, graphene can be considered as a 
semiconductor with no bandgap, or a semi-metal with no band overlap. If no external perturbation 
and no kinetic energy (T = 0 K) are present, the Fermi level, EF (or chemical potential, µc) is 
exactly at the touching point between valence and conduction bands. At these points, the electron 
density is equal to the hole density, corresponding to the minimum value of the total carrier density 
and the so called charge neutrality point (CNP). The electric field can modulate the density of 
states and switch the device from low conductivity states near the Dirac point to high conductivity 
states elsewhere.  
Due to the gapless nature of the dispersion, the number of charge carriers can be 
continuously changed by the electric field effect, adding either electrons or holes to the system, as 
sketched in Fig. 2.4(b). It can be observed that the electrons behave exactly the same as holes due 
to the symmetric conduction and valence band structures. Graphene shows perfect ambipolar 
electric field effect so that its charge carriers parity can be tuned to be either n- or p- type by 
applying electric field with different polarity. Interestingly, it is possible to achieve different carrier 
parity by varying the DC bias voltage, i.e. the perpendicular electric field, unlike traditional silicon 
technology wherein the materials need to be actually doped by other materials. 
At the CNP, there is still a finite amount of current flowing through the low conduction 
state near the Dirac point, resulting in a non-negligible dark current for transistor applications. 
Furthermore, the charge density never vanishes completely due to the existence of electron-hole 
puddles on the SiO2 substrate, leading to minimum conductance on the order of 
2e h  [80]. 
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Scanning tunneling microscopy (STM) measurements show that local charge fluctuations of 
graphene on flat hBN are much smaller than on SiO2 substrate [81]. Electron transport in graphene 
has low scattering rate due to intrinsic phonons and thus the mobility at room temperature can 
reach to above 100000 cm2V-1s-1 on a device encapsulated between two layers of hBN [82]. This 
value is far beyond the mobility of graphene on SiO2 which is on the order of few thousands cm
2V-
1s-1 [83].  
 
Figure 2.3: (a) Atomic-resolution image of graphene sheet showing individual carbon atoms in 
white. The figure is adopted by permission from [3]; (b) 2D hexagonal lattice of 
graphene in real space; (c) First Brillouin zone in momentum space. The figures are 
adopted by permission from  [4]. The permission letter is attached in Appendix B. 
 
 
Figure 2.4: (a) Full dispersion from tight binding calculation and zoom on the low energy region 
at one of the K points, the so called Dirac points, adopted by permission from [4]; (b) 
Conductivity of graphene as a function of carrier density at room temperature. The 
black line of the experimental data is matched with red dots, obtained by a Boltzmann 
model of conductivity [5]. The cone-like dispersion as well as the positions of Fermi 
level (arrow) corresponding to different regions of operation are also shown. The 
permission letter is attached in Appendix B. 
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2.4    Photonics properties 
A 2D graphene sheet can physically be considered as one layer of 3Dbulk graphite, but it 
possesses distinct properties for photonic applications compared to traditional semiconductors. 
First of all, the zero bandgap and linear dispersion of graphene result in very broadband strong 
absorptance. The linear dispersion of Dirac fermions implies that there will always be an electron-
hole pair for broadband illumination, which is very different from semiconductors with bandgap 
and parabolic dispersion relations.  
The optical absorption of suspended graphene has been measured to be ~2.3% across 
visible and near-infrared (NIR) frequencies [6]. The value is equal to the universal constant π𝛼, 
where 2 0(4 ) 1 137e c    is the fine structure constant [84]. The parameter describes 
coupling between light and relativistic electrons and is traditionally associated with quantum 
electrodynamics. The obtained value of optical absorption is remarkable for a one-atom thick 
material indicating that graphene can absorb a significant fraction of incident light. Figure 2.5(a) 
shows the photograph of a 50 mm aperture partially covered by suspended graphene and its bilayer 
[6]. The line scan across the image shows the changes in the intensity of transmitted white light. 
Graphene’s absorption is measured close to 2.3% so that the opacity is almost independent of 
wavelength for visible illumination, as shown in Fig. 2.5(b). The inset shows that increasing the 
number of graphene layers by one enhances the absorption of the structure by ~2.3%. As such, the 
optical absorption can be increased by stacking few layers of graphene (FLG) with approximately 
the same ratio per layer of graphene. However, such structure needs to be isolated electrically by 
using dielectric insulators such as hBN to prevent the formation of graphite. 
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Figure 2.5: (a) Photograph of a 50-mm aperture partially covered by graphene and its bilayer. The 
line scan profile shows the intensity of transmitted white light along the yellow line. 
The inset is a 20-μm-thick metal support structure with apertures of 20, 30, and 50 μm 
in diameter with graphene placed over them. (b) Transmittance spectrum of single 
layer graphene (open circles). Slightly lower transmittance for λ < 500 nm is probably 
due to hydrocarbon contamination. The red line is the transmittance 𝑇=(1+0.5𝜋𝛼)−2 
expected for two-dimensional Dirac fermions, whereas the green curve takes into 
account the nonlinearity and triangular warping of graphene’s electronic spectrum. 
The gray area indicates the standard error for measurements. The inset shows the 
transmittance of white light as a function of the number of graphene layers (squares). 
The dashed lines correspond to an intensity reduction by πα with each added layer. 
The figure is adopted by permission from [6]. Permission letter is attached in Appendix 
B. 
 
2.5     Graphene photonics applications  
 
As an atomic-thick material, graphene exhibits wavelength-independent absorption when 
the optical energy is below 3 eV, as well as complete transparency when the optical energy is 
smaller than double the Fermi level. These properties make graphene a promising candidate for 
many controllable photonic devices as shown in Fig. 2.6. In this section, an overview of potential 
graphene photonics applications is presented together with the expected time for their realization.  
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Transparent conductive films and passive photonic devices 
Graphene is expected to substitute indium tin oxide (ITO) [85] in transparent conductive 
films used in devices such as LEDs and OLEDs, solar cells, touchscreens, smart windows, and 
LCD films [86, 87]. For these applications, graphene has superior characteristics such as high 
conductivity, mechanical flexibility, and optical transparency. Graphene provides not only larger 
transmittance than ITO (about 97% compared to 90%), but is also less expensive and less brittle 
than ITO. Recent research is focused on decreasing the sheet resistance of graphene by external 
doping to make it a competitive alternative for these applications [88]. Another application of 
graphene is for shielding electromagnetic radiation in microwave and terahertz ranges. At these 
frequencies, five layers of doped graphene can provide ~20 dB shielding efficiency [89], while 
millimeter thicknesses of traditional absorbers, such as ferrite or metal nanocomposites, are needed 
for such an effective shielding [90, 91]. As shown in Fig. 2.6, a graphene-based foldable 
touchscreen is expected to come into play as early as in 2020 [7]. 
Photodetectors 
The spectral range and maximum bandwidth of traditional photodetectors, based on silicon, 
germanium, or compound semiconductors, are limited by the bandgap energy and carrier transit 
times of materials [92]. On the other hand, due to the absence of a bandgap and the high carrier 
mobility of graphene, graphene-based photodetectors can, in principle, be used in a wide spectral 
range from ultraviolet to terahertz frequencies. Ultrafast extraction of photo-generated carriers is 
enabled by the high carrier mobility in graphene, resulting in extremely high bandwidth operation. 
As such, the transit-time-limited bandwidth of graphene photodetectors can possibly reach 1.5THz 
[93], while that of InGaAs photodetectors is limited to 150GHz [92]. It has been already 
demonstrated [93, 94] that infrared light pulses irradiated at the rate of 10 GHz and 40 GHz can 
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be reliably detected by graphene-metal junctions, demonstrating the suitability of graphene for 
high-speed optical communications in the near future. However, the atomic thinness of graphene 
limits its absorption, so that the maximum responsivity of a graphene photodetector is low, much 
smaller than the required value of 1 AW-1 for effective detection [94].  
There are several possible ways to increase the sensitivity of graphene photodetectors such 
as using plasmonic nanostructures for the enhancement of the local optical electric field [95], 
integrating it with a waveguide to increase the light–graphene interaction length [96], or simply 
increasing the number of graphene layers in an aperiodic multilayer structure, as proposed in the 
current thesis. For instance, at the resonant wavelength, a 20-fold enhancement of the photocurrent 
was achieved by incorporating a graphene layer inside Fabry-Perot microcavities [97] or a ~60% 
absorption by utilizing Bragg reflectors [98]. It is expected that a graphene photodetector with a 
bandwidth of over 100 GHz will be competitive after 2020 [7], as shown in Fig. 2.6.  
Optical modulator 
Optical modulators with high speed, small footprint, and high bandwidth are highly 
desirable for optical interconnects to encode transmission data by altering the light properties [99].  
However, conventional electro-absorption modulators have limited operation bandwidth due to the 
slow switching time of silicon, which decreases their bandwidth to usually less than ~50 GHz 
[100]. Graphene absorption modulators have not only ultrafast response in absorbing a small 
amount of incident light over ultrawide range of wavelengths, but also the interband transitions of 
photo-generated electrons can be modulated over broad spectral ranges by tuning the Fermi level 
of graphene layers [101]. Despite the strong light–graphene interaction, the absorption of a light 
beam by a single graphene layer is insufficient so that it is usually coupled with a silicon waveguide 
to increase the absorption in the near infrared range [102]. The optical resonance of a photonic 
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crystal nanocavity can be modulated by tuning the Fermi level in graphene layers, by reducing the 
resistance so as to reduce RC delay times, and by modifying the structures [103, 104], so that 
operation bandwidths in the terahertz range are expected.  However, such developments are not 
expected before 2020, as shown in Fig. 2.6 [7]. 
Mode-locked laser 
Graphene is also promising to find an application as a saturable absorber in fiber and laser 
technologies, wherein the absorption of light by a material decreases with increasing light intensity 
[105]. Saturated absorption can be observed in widely used semiconductors at very high optical 
intensities [106]; however, graphene reaches saturation at a lower intensity, by absorbing a 
significant amount of light energy per unit thickness [107, 108]. As such, graphene-saturable 
absorbers demonstrate ultrafast carrier relaxation time, controllable modulation depth, high 
damage threshold, high thermal conductivity, high stability, and wide tunability of the spectral 
absorption range [6, 109, 110]. Graphene-based tunable mode-locked lasers are expected to be 
commercialized by 2020 [7]. A graphene-saturable absorber could also enable an ultrafast 
passively mode-locked laser to operate at many different wavelengths for various applications such 
as spectroscopy, optical interconnects [111], bio-medicine [112], and material micromachining 
[113]. However, this application is expected to be demonstrated only after developing highly 
integrated optical interconnects around the late 2020s, as shown in Fig. 2.6 [7]. 
THz wave generator 
THz wave generators are needed for various applications such as medical imaging, 
chemical sensors, and security devices. Graphene can be used as a gain medium to generate 
stimulated emission by optical pumping. However, as graphene has the same diffusion times for 
electrons and holes, the formation of a dipole may not be sufficient to overcome the stimulated 
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emission threshold for continuous THz wave generation [114]. To generate waves in this range, it 
has been suggested to accelerate the carriers in a single layer or multiple layers of graphene using 
a femtosecond laser pulse field. However, due to the weak intensity of the generated waves in 
comparison with III-V semiconductors, it is expected that graphene-based THz-wave generators 
are unlikely to emerge before 2030, as shown in Fig. 2.6 [7]. 
 
 
 
Figure 2.6: Graphene photonic applications in display technology (green), electronic devices 
(blue), as well as optical devices (pink), and interconnects (brown). Application 
timelines are based on projections of products requiring advanced materials such as 
graphene, which can be enabled by continuous advances in graphene technology. The 
figure gives an indication of when a functional device prototype could be expected 
based on device roadmaps and the development schedules of industry leaders [7]. The 
quality of graphene and the required synthesis methods are shown for each category 
of application. The details are beyond the scope of this thesis. The figure is adopted 
by permission from [7]. The permission letter is attached in Appendix B. 
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Optical polarization controller 
Optical polarization controllers are crucial passive components to manipulate the 
polarization properties of photons. The excitation of Dirac fermions in graphene enables the 
differential attenuation of the transverse magnetic mode, leading to an excellent extinction ratio of 
~27 dB for broadband communications [115]. The hybrid graphene-based optical polarizer, in 
which a high-quality large-size graphene layer is integrated with an optical fiber, is expected to be 
fabricated by 2020 [7]. 
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CHAPTER 3 
PHYSICAL MODELS AND SIMULATION METHOD 
 
3.1 Introduction 
 
In this chapter, infrared thermal radiation is first discussed using Planck’s blackbody law, 
followed by Kirchoff's law of thermal radiation. Then, transfer matrix formalism is described that 
relates the electric field at air to the electric field at substrate in an aperiodic multilayer structure. 
Next section is dedicated to the brief description of a hybrid optimization method that is used to 
find the thicknesses of layers in the aperiodic multilayer structure. Finally, the Kubo formalism is 
presented that relates the optical conductivity, and therefore the refractive index, to the chemical 
potential in graphene.  
 
3.2 Thermal emitter / Blackbody radiation 
The electromagnetic spectrum is the range of all possible wavelengths, ranging from 
gamma ray radiation down to radio wave radiation, as shown in Fig. 3.1. All objects that are 
warmer than their surroundings emit photons within a certain range of wavelengths. This range is 
not a characteristic of the materials in the object and exclusively depends on the surface 
temperature of the object that is emitting the electromagnetic radiation. As such, gamma and X-
rays radiation are emitted by very hot objects of temperature of a million Kelvin, while photons 
with longer wavelengths in the infrared and radio wavelength range are emitted by cooler objects. 
The higher the temperature, the more intense is the emitted radiation. Also, the wavelength of 
maximum emission shifts to shorter wavelengths by increasing the temperature of the object. 
To find the power radiated per unit area and wavelength, one can calculate the Planck 
blackbody spectrum (in units of Watts per square meter per nanometer) as follows: 
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where KB is the Boltzmann constant, h is Plank’s constant, c is the speed of light, T is the ambient 
temperature, and   is the wavelength. An idealized blackbody absorbs all radiation that falls into 
the range enforced by the temperature of the object. Kirchoff's law of thermal radiation states that 
the emittance and absorptance of an object must be equal for a given frequency, direction, and 
polarization under the condition of thermal equilibrium.  
 
Figure 3.1: Electromagnetic spectrum as well as the thermal radiation spectrum including the 
blackbody radiation at near infrared and mid-infrared wavelengths. The figure is 
reproduced from another figure in the public domain.  
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As such, the normalized power radiated per unit area and unit wavelength by a non-
blackbody in the normal direction as a function of wavelength and temperature can be calculated 
as follows: 
( ) ( , )
( )
max[ ( , )]
Total B T
B T

 
 


 ,                                                (3.2) 
where ( ) [ ( ) ( )] / 2Total TE TM       is the averaged emittance from both TE and TM 
polarizations in the normal direction. The value of ( )   indicates how well the multilayer 
structure emits photons at a given wavelength in the normal direction, as explained in next 
chapters. 
 
3.3       Transfer matrix formalism 
Photonic nanostructures may be computationally designed to affect the motion of photons 
in a desired way so that a specific application is achieved. Such simulations involve solving the 
electromagnetic equations (Maxwell’s equations) in one, two, or three dimensions by using 
computational methods such as the transfer matrix, the finite-difference frequency-domain 
(FDFD) method, and the finite-difference time-domain (FDTD) method [116]. The simulation of 
2D and 3D structures is computationally intensive, but simulating 1D structures can provide a 
proof of concept to design and implement more complex structures.  
Different approaches are possible to obtain the absorption, transmission, and reflection 
coefficients in a nanophotonic structure. One of the more elegant approaches to calculate the field 
distribution in aperiodic multilayer structures is by employing the transfer matrix method, leading 
to information about the absorption, transmission, and reflection properties of the structure. Figure 
3.2 is a schematic showing a general multilayer structure having m layers between a semi-infinite 
transparent ambient and a semi-infinite substrate. Consider a plane wave incident from air on the 
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left side of the structure so that the optical waves propagate along the x-axis. Each layer j ( 
j=1,2,...,m) has a thickness aj  and its optical properties are described by its complex index of 
refraction ( ) ( ) ( )j j jn i       which is a function of wavelength of the incident light  . This 
stratified structure with isotropic and homogeneous media and parallel-plane interfaces can be 
described by 2×2 matrices, since the equations governing the electric field propagation are linear 
and the tangential components of the electric and magnetic fields are continuous [117, 118]. For 
normally incident plane waves, the TM and TE modes have the same behavior. 
For TM polarization, the transverse components of the electric filed, zE , and magnetic 
field, yH , in each layer can be described by: 
     , j j y yik x ik x ik y ik yz j j zE x y A e B e e E x e   ,  
     , ,j j y yik x ik x ik y ik yjy j j y
j
ck
H x y A e B e e H x e
Z 

                              (3.3)  
where kj is the propagation constant of the waves in the x-direction in the j
th layer and ky is the 
propagation constant in the y-direction for all layers. Aj and Bj are the amplitudes of the forward 
and backward propagating waves in the jth layer, respectively. 0j jZ   is the free-space 
impedance, c is speed of light in free space, 
0  is the free-space magnetic permeability, and j  is 
the dielectric permittivity of the material in the jth layer.  
By applying the boundary conditions at the interface between air and the first layer of the 
structure, one obtains 
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Then, by applying the boundary conditions at the second interface, the matrix relating the 
transverse fields at the two interfaces can be obtained as follows: 
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The fields in the first layer can be related to those in the last one as follows: 
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where rT is the transfer matrix obtained by multiplying the matrices of all layers in the structure as 
follows: 
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             (3.7) 
Thus, the field at each position x can be calculated. Considering the boundary condition 
for the last layer (substrate), one can derive the relation between the reflection and transmission 
coefficients as follows: 
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where r and t are the reflection and transmission coefficients of the multilayer structure. By 
calculating the reflection and transmission, the absorptance, A, of the structure can be obtained as 
2 21 | | | |A t r   .   
One can find a relation between the electric field at any point in the system and the 
corresponding absorption in the layers of the multilayer structure [119]. As shown in Fig. 3.2, the 
total electric field at any point in the system can be decomposed into two components. One 
component propagating in the positive x direction and another in the negative x direction, which 
at a position x in layer j are denoted as ( )jE x

 and ( )jE x

, respectively. Then, each interface in the 
structure can be described by the interface matrix between layers j and j-1 as follows: 
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where , 1j jr   and , 1j jt   are the Fresnel complex reflection and transmission coefficients at the 
interface. For light with the electric field perpendicular to the plane of incidence (corresponding 
to s-polarized or TE waves) and parallel to the plane of incidence (corresponding to p-polarized or 
TM waves), the Fresnel complex reflection and transmission coefficients can be obtained as 
follows: 
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where 
1/2
2 2
0 0cos sinj j j jq n n       , 0 1   is the refractive index of air, 0 is the angle of 
incidence in air, and j  is the angle of refraction in layer j. The phase matrix describing the 
propagation through layer j is described by, 
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where 2j jq   , and j ja is the layer phase thickness corresponding to the phase change that 
the wave experiences when it traverses layer j. Similar to Eq. (3.6), the transfer matrix can be 
expressed for the two components of the electric field as follows: 
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                                                       (3.13) 
where S is the total system transfer matrix that relates the electric field at air to the electric field at 
the substrate as follows: 
11 12
( 1) ( 1)
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                                        (3.14) 
As the light is incident from the air side in the positive x direction, there is no wave 
propagating in the negative x direction inside the substrate and thereby 1 0mE

  . Thus, the 
complex reflection and transmission coefficients in Eqs. (3.10) and (3.11) can be expressed in term 
of the matrix elements of the total system transfer matrix in Eq. (3.14) as follows: 
0 21
0 11
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0 11
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

                                              (3.15) 
The internal electric field in layer j can be calculated by dividing the layered structure into 
two subsets, separated by layer j in Fig. 3.2, which means that the total system transfer matrix can 
be written as follows:  
.j j jS S L S                                                                  (3.16) 
The partial system transfer matrices for layer j , jS  and jS  , can be defined as follows: 
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where jE
  and jE
  refer to the left boundary of layer j and jE
 and jE
 refer to the right 
boundary of layer j. Similarly, the complex reflection and transmission coefficients for layer j are 
given by:  
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Combining Eqs. (3.15)-(3.20), the internal transfer coefficients which relate the incident 
plane wave to the internal electric field propagating in the negative x and positive x directions in 
layer j at its left boundary can be derived as follows: 
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where 12 11/j j jr S S    . Using Eqs. (3.21) and (3.22), one can obtain the total electric field in an 
arbitrary plane in layer j at a distance x ( 0 jx a  ) to the right of its left boundary  in terms of the 
incident plane wave 0E

 as follows: 
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The above expression can also be expressed in terms of the matrix elements of the partial 
system transfer matrices as follows: 
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Thus, the power as a function of x within the structure can be calculated to locate the areas 
of high and low loss within the structure. 
The number of excited states at a given position in a structure is directly dependent on the 
electromagnetic power absorbed by the material. Thus, the time average of the energy dissipated 
per second in layer j at position x at normal incidence is given by [119], 
2
0
1
( ) ( ) .
2
j j j jQ x c E x                                                (3.25) 
This means that the energy absorbed at position x in the layered structure is proportional to 
the product of the amplitude of the electric field squared 
2
( )jE x , the real part of refractive index 
j , and the absorption coefficient 4j jk   at the actual position x. As such, the number of 
excited states in a layer is proportional to the number of absorbed photons and, hence, 
2
E versus 
position x in the film directly represents the production of excited states at each point.  
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Figure 3.2: A multilayer structure having m layers between a semi-infinite air region and a semi-
infinite substrate. Each layer has a thickness of aj and its optical properties are 
described by its complex index of refraction. The optical electric field at any point in 
layer j is represented by two components: one propagating in the positive and one in 
the negative x direction, jE

 and jE

, respectively.  
 
 
3.4     Genetic algorithm  
 
In order to find the optimum thicknesses of the layers in the aperiodic multilayer structure, 
a hybrid optimization method [120] consisting of a microgenetic global optimization algorithm 
coupled to a local optimization algorithm is employed. Using this algorithm, the optimized 
thicknesses for maximizing the absorption to the perfect value of unity can be found at a 
prespecified wavelength and zero bias condition (µ = 0 eV) [121, 122].  
The genetic algorithm is an iterative optimization procedure which starts with a randomly 
selected population of potential solutions and gradually evolves toward improved solutions by 
applying the genetic operators which are patterned after the natural selection process. To begin the 
algorithm, a population of chromosomes is created by a random selection of values for the genes. 
Then the genetic algorithm proceeds to iteratively generate a new population by the crossover, 
mutation, and selection operators [34]. 
More specifically, this thesis made use of a microgenetic algorithm to avoid the problem 
of premature convergence, resulting in faster convergence to the near-optimal region [36, 123, 
30 
 
124].  Starting with a small population of random members, the microgenetic algorithm evolves 
and converges after a few generations. At this point, the genetic algorithm selects a new random 
population, and the evolution process restarts while keeping the best individual from the previously 
converged generation. In this genetic algorithm, a tournament selection is employed as the 
selection scheme so that a subpopulation of individuals is randomly chosen from the general 
population and then compete based on their fitness values. As such, the individual with the highest 
fitness value is selected as the winner of the tournament in a repeating process. Then, a pair of 
individuals is selected as the parents, and two offspring are created by the crossover operator so 
that they possess a combination of the chromosomes of their parents. As the microgenetic 
algorithm convergence is faster with uniform crossover [125], the uniform crossover is used rather 
than single-point crossover. The best individual from the previous population is chosen to pass on 
to the next corresponding to an elitist strategy [126]. It has been shown that this selection scheme 
converges more rapidly and operates more quickly with faster execution time when compared to 
other competing schemes [125].  
3.5     Optical conductivity model of graphene 
The refractive index is not well defined for 2D graphene because there is no rigorous 
definition for the induced polarization per unit volume. A more suitable physical quantity to 
describe the optical properties of graphene is the optical conductivity, also known as the carrier 
dynamic or AC conductivity of graphene. The optical conductivity is a complex number associated 
with the surface current induced in the 2D crystal by light [127]. The absorption is proportional to 
the real part of the optical conductivity [128], and the imaginary part is closely related to its 
behavior for application as a hyperbolic metamaterial. For instance, the sign of the imaginary part 
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of the optical conductivity determines whether graphene supports transverse-electric (TE) or 
transverse-magnetic (TM) plasmons [129].  
A large body of literature focuses on different techniques to model the complex 
conductivity of graphene [59, 130-133]. This section introduces and reviews the analytical 
expression for the complex conductivity of graphene. The response of graphene’s optical 
conductivity to an external electric field was derived theoretically by several researchers [58, 130, 
134, 135]. Using the non-interacting linear response theory [58, 127], electrons are considered to 
move due to the applied electric field that is the sum of the external field and the self-consistent 
field induced by all the electrons. The cone-like dispersion near Dirac points is assumed, since the 
exact band structure results in only few percent difference in the conductivity at optical frequencies 
[127]. As a graphene sheet is an infinitesimally-thin, non-local two-sided surface in free space in 
the x-y plane, one can obtain an extended non-local anisotropic model of conductivity using a 
magneto-optical surface complex conductivity tensor as follows [132, 136]: 
( , ( ), , , ) ,c xx xy yx yyT xx xy yx y y      

    0 0E B                (3.26) 
where   is the radian frequency, 
c is the chemical potential,   is the charge particle scattering 
rate, T  is the temperature, and 0E  and 0B  are the DC electric and magnetic fields, respectively. 
The chemical potential can be controlled by chemical doping [137] or by applying DC bias field 
perpendicular to the graphene surface (
0z E0E ) [63]. The geometry of graphene sheet implies 
that xx yy  and xy yx   , and thus Eq. (3.26) can be rewritten as follows:  
t 0 t( , ( ), , , ) ,c dT    

  0 0E B I J                               (3.27) 
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where 
t xx y y I and t xy yx J  are the symmetric and antisymmetric dyads, respectively. 
d  and 0 are the diagonal and off-diagonal (Hall) conductivities, respectively, in the presence of 
electric potential and magnetic bias fields, which can be obtained using the Kubo formula [138, 
139] as follows:  
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where   (є)=1 1 exp (є ) / ( )F c Bn k T  is the Fermi-Dirac distribution, 610 /F m s   is the 
Fermi velocity, 
2 22 | |n FM n e   0B is the energy of the n
th Landau level.   is the excitonic 
bandgap that can be assumed zero for low magnetic fields, leading to the following simplified 
equations: 
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The off-diagonal term of conductivity in Eq. (3.31) vanishes by assuming no magnetic bias 
field B0 = 0, while the diagonal term d  in Eq. (3.30) are independent of the DC magnetic field. 
Graphene’s optical conductivity is divided into the intraband and interband parts, which  
correspond to free carrier absorption and transition from the valance band to the conduction band, 
respectively. In Eq. (3.30), the first term is due to intraband contributions and the second term is 
related to interband transitions. Eq. (3.32) below is the Drude-like analytical expression of the 
intraband transitions term [132, 140], while Eq. (3.33) below is the approximate analytical 
expression obtained for the interband term when 
B cK T   and BK T   [141]: 
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The scattering rate   has inverse relation to the relaxation time   as 12    . The 
relaxation time varies with the Fermi energy (chemical potential) for a fixed Fermi velocity of 
graphene as 
2
c Fe   . It is worth mentioning that the high ambient temperature of thermal 
emitters invalidates the condition for the closed-form approximation in Eq. (3.33). In our study the 
general form in Eq. (3.30) is therefore evaluated numerically to obtain the exact value of the 
refractive index of graphene. However, Eq. (3.33) shows the relation of parameters to the interband 
contribution. For instance, this equation implies that 
,intd er is purely imaginary when 2 c   
and 0  , or complex when 2 c  .    
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The contributions of intraband and interband transitions in the optical conductivity 
significantly depend on the carrier density, so that each part has different strength at different 
frequency ranges. These contributions are also directly related to the chemical potential in 
graphene. Figure 3.3 describes the optical conductivity of graphene and its equivalent refractive 
index as a function of the chemical potential and the wavelength of incident light. It can be seen 
in Fig. 3.3(a) that, for undoped suspended graphene (i.e. there is no electric field to tune the 
chemical potential), the interband transitions are responsible for the ~2.3% broadband absorption. 
The DC electric field bias tunes the chemical potential in graphene, adding either electrons or holes 
to the system. In this scenario, the interband transitions of electrons only occur for 
02 2 FE E  , while other transitions are forbidden or blocked for 0 2 FE E , as shown in Fig. 
3.3(b). The absorption due to the interband transition is reduced by Pauli blocking, because the 
vacant states in conduction band are all occupied when the pumping light is intense enough for a 
specific relaxation process [108].  
The intraband transitions are mainly responsible for the absorption in the far-infrared and 
also contribute, to some extent, to the mid-infrared optical response [142], as shown in Figs. 3.3(c) 
and 3.3(d). For short wavelengths in the visible range, graphene’s optical conductivity is 
dominated by interband transitions [142]. The contribution of intraband transition decreases by 
increasing the chemical potential in the visible range, and has therefore no significant effect on 
graphene’s optical conductivity at these wavelengths.  
Finally, the dielectric permittivity of monolayer graphene G  at optical frequencies is given 
by [59, 61] 
0
,dG
G
i
t


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                                                          (3.34)  
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where d  is the conductivity of graphene, Gt  is the thickness of a single graphene layer,   is the 
angular frequency, and 0   is the free-space electric permittivity. Figs. 3.3(e) and 3.3(f) show the 
real and imaginary parts of graphene’s refractive index as a function of the chemical potential in 
graphene. It can be observed that in the visible range, the real and imaginary parts of graphene’s 
refractive index are nearly independent of the chemical potential.  
 
Figure 3.3. Sketch of graphene’s dispersion for different chemical potentials. (a) For undoped 
graphene, all the interband transitions are allowed; (b) For doped graphene, interband 
transitions are forbidden for 2 FE  by the Pauli blocking; (c) For visible light, the 
optical conductivity due to interband transitions is dominant; (d) For infrared radiation, 
the interband and intraband transitions have comparable contributions to the optical 
conductivity of graphene; (e) The real part and (f) imaginary parts of the refractive 
index obtained by the Kubo formalism, as well as the equivalent changes in their 
values for visible and infrared radiation for chemical potential of µc = 0.0 eV and µc = 
0.6 eV. 
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For longer wavelengths in infrared range, the Drude-like part in Eq. (3.32) is increasing as 
the wavelength becomes longer, while the interband transition contribution significantly decreases 
behaving as a step-like function with threshold 2 FE  (small value when  the photon  energy  is  
below 2 FE , and large value when the photon energy is above 2 FE ). As such, the intraband 
transition contribution becomes comparable with the interband transition contribution, as shown 
in Fig. 3.3(d). The control over intraband transitions can be obtained by tuning of the chemical 
potential in graphene, resulting in graphene applications in the infrared and THz ranges [102, 143, 
144]. As such, graphene has been shown to be a good candidate for plasmonics and metamaterials 
in the mid-infrared [145, 146] and THz ranges [144, 147, 148]. For infrared radiation at high 
ambient temperature of thermal emitter (e.g. 873 K in this thesis), the results show an order of 
magnitude decrease in the contribution of interband transitions, leading to larger contribution of 
intraband transitions to the total optical conductivity of graphene. 
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CHAPTER 4 
APERIODIC GRAPHENE BASED MULTILAYER STRUCTURE AS A SELECTIVE, 
TUNABLE, AND SWITCHABLE THERMAL EMITTER 
 
4.1. Introduction 
 
The thermal emittance of both bulk materials and multilayer structures has been widely 
investigated over recent years. The thermal radiation from bulk materials is characterized by 
incoherent, isotropic, and broadband radiation spectra that vary depending on the properties of the 
selected material and its temperature. The thermal radiation spectra can be drastically altered by 
utilizing textured surfaces [149] and multilayer structures [150]. Highly directional and quasi-
coherent thermal radiation sources, have many important applications as antennae [13], lasers [34, 
151], and in photovoltaics [152, 153].  
In this chapter, aperiodic multilayer structures are proposed as narrowband, tunable, and 
switchable thermal infrared emitters, tailoring the radiation spectra of bulk materials [152]. Using 
a genetic global optimization algorithm (Section 3.4) coupled to a transfer matrix code (Section 
3.3), the layer thicknesses and materials are optimized to maximize the absorptance at a single 
wavelength, leading to a narrowband thermal infrared emitter. The effect of chemical potential of 
graphene layers on the tunability and switchability of this narrowband emission from the proposed 
aperiodic multilayer structure is also investigated. 
4.2.    Structure of graphene-based thermal emitter  
 
Figure 4.1(a) shows the schematic of the proposed structures composed of alternating 
layers of graphene and hBN insulator, which are sandwiched between two thick silicon carbide 
(SiC) layers. In many cases, a multilayer structure may provide spectra-altering properties similar 
to that of more complex and harder-to-fabricate two- or three-dimensional structures [152]. hBN 
is an insulating layer with atomic thickness similar to graphene (see Fig. 4.1(b)), thereby accurate 
control of the spacing between the graphene layers can be achieved in the proposed aperiodic 
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structures [154].  The thicknesses of SiC layers and number of hBN layers are found by applying 
the genetic algorithm to achieve a structure with perfect absorptance equal to unity. The density of 
charge carriers associated with the chemical potential in graphene layers can be controlled by 
applying a DC bias field perpendicular to the graphene/hBN surfaces [155]. 
A semi-infinite tungsten (W) layer is used as the substrate. Since the tungsten substrate is 
taken to be semi-infinite, the transmittance is identically zero, so that: 
/ /( ) 1 ( ),TE TM TE TMA R                                               (4.1) 
where / ( )TE TMA   is the TE/TM absorptance, / ( )TE TMR   is the TE/TM reflectance, and   is the 
wavelength. The calculated absorptance can be equated to emittance because of Kirchhoff’s 
second law and conservation of energy under thermal equilibrium, as explained in Chapter 3. The 
Kubo formula (Section 3.5) [132] is used to extract the optical conductivity and consequently the  
refractive index of graphene. For other materials such as hBN, SiC and W, the wavelength-
dependent indices of refraction (both real and imaginary parts) are obtained from experimental 
data [156-158]. The effect of layer thickness variations due to thermal expansion on 
emittance/absorptance can be neglected. In addition, all materials used in the structure can tolerate 
high temperatures due to their high melting points [159]. 
 
Figure 4.1: (a) Structure of the proposed thermal emitter. (b) The lattice structure of graphene and 
hBN buffer layer. 
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4.3.    Optimized structure of narrowband thermal emitter  
 
Using the transfer matrix method and the genetic algorithm as outlined in Chapter 3, the 
aperiodic multilayer structure is optimized to produce narrowband infrared thermal emission for 
both TE and TM polarizations. Thermal emission is considered at ambient temperature of 873 K 
corresponding to the maximum emission of blackbody at infrared range with the peak at λ=3340 
nm. This is the wavelength at which the genetic algorithm is applied to find the optimized 
structures with maximum absorptance. To seek the optimum structure, the chemical potentials of 
graphene layers are set equal to zero (µc=0.0 eV), i.e. the chemical potentials are located at the 
Dirac point of graphene dispersion.  
Figure 4.2(a) shows the aperiodic structure including the graphene layers (black lines) and 
layers of hBN insulator. Utilizing the genetic optimization algorithm, each layer's thickness is 
selected independently so that the structure is completely aperiodic. Finally, utilizing the transfer 
matrix method [11], the absorptance, which is equal to the emittance, of the graphene based 
structure is calculated.  
Figure 4.2(b) shows ( )   [Eq. (3.2)] as a function of wavelength for the structure in Fig. 
4.2(a). We observe that the optimized structure exhibits almost perfect emittance of ~100% at 
λ=3.34µm. The narrowband perfect emittance is accomplished through interaction with the layered 
nanophotonic structure so that the bandwidth of 2.7µm at T = 873K reduces to 0.63 µm, showing 
more than 4 times narrower bandwidth compared to the  blackbody radiation curve. As shown in 
Fig. 3.1, the blackbody thermal emission is broadband, especially for lower ambient temperatures. 
The graphene-based heterostructure is an ultrathin nanophotonic structure that enables narrowband 
infrared emittance. 
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Figure 4.2: (a) Optimized structure with 23layers of graphene; (b) Normalized power radiated per 
unit area and unit wavelength by the structure in the normal directon. Note: the layer 
thicknesses for the structure in (a) are given in appendix A. 
 
The optimized thickness of the smallest hBN layer is found to be d = 8.9 nm corresponding 
to 27 hBN layers. In Fig. 4.3, the effect of this layer thickness on the emittance spectra of the 
optimized structure is investigated. The thickness is changed to 5×d, 10×d, and 20×d, while the 
thicknesses of other layers are constant. This study can indicate the sensitivity of the optimized 
structure to fabrication process variations. Figure 4.3(b) shows the contribution of graphene layers 
and tungsten to the total power emitted from the proposed structure for different thicknesses.  The 
SiC layers are not shown in the figure because it has less than 2% contribution to the total power 
regardless of the thickness of the smallest hBN layer. At the optimized wavelength 3.34 μm   
(dotted line), the tungsten and graphene layers contribute ~46% and ~52%, respectively, to the 
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total power emitted from the optimized structure. The increase in the thickness of the thinnest hBN 
layer leads to increase in the reflectance so that, for the modified hBN thickness of 20×d, the 
contributions of the tungsten and graphene layers are dramatically decreased to ~20% and ~25%, 
respectively. It can be observed that, by increasing the thickness of the narrowest hBN layer from 
the value that is obtained from the optimization process, the peak of radiated power shifts to longer 
wavelengths and also decreases.  
The electric field in the structure can also be calculated for both TE and TM polarizations 
using the transfer matrix method [11] as explained in Section 3.3. Figure 4.4(a) shows the profile 
of the electric field amplitude normalized with respect to the field amplitude of the incident plane 
wave for the optimized structure in Fig. 4.2(a). The structure is excited by a normally incident 
plane wave at λ=3340 nm, the wavelength at which the structures are optimized. The effect of 
varying the chemical potential of graphene can be clearly observed in the electric field profiles. 
For µc = 0.0 eV, at which the structure is optimized to achieve maximum absorptance, the electric 
field amplitude is almost flat in air. This suggests that the reflectance of the structure is almost 
zero, and the absorptance is therefore almost unity.  
Figure 4.4(b) shows the contribution of each graphene layer to the total emittance for µc = 
0.0 eV, 0.4 eV, and 1.0 eV. It is obvious that the contribution of graphene layers to the total power 
emitted from the proposed structure drastically decreases by increasing the chemical potential. The 
relative contribution to absorptance/emittance for each graphene layer follows the square of the 
field amplitude in the structure and the real and imaginary parts of the refractive index, which can 
be manipulated by changing the chemical potential of graphene [Eq. (3.25)]. The change in the 
properties of the thermal emittance, induced by changing the chemical potential of the graphene 
layers enables an electrically controllable thermal emitter, as explained in the next chapter.  
42 
 
 
 
Figure 4.3: (a) Optimized structure with 23 layers of graphene including the location of thinnest 
hBN layer. (b) Effect of changing the optimized thickness of the thinnest hBN layer 
on the emittance spectra, as well as on the contribution of graphene layers and tungsten 
to the total emittance. 
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Figure 4.4: (a) Electric field amplitude normalized with respect to the field amplitude of the 
incident plane wave for the optimized structure with 23 graphene layers; (b) 
Contribution of each graphene layer to the total power emitted for µc = 0.0 eV, 0.4 eV 
and 1.0 eV. 
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4.4.    Tunability and switchability of graphene-based thermal emitter 
 
Figure 4.5 shows the partial absorptance and the corresponding reflectance as a function of 
wavelength for three different chemical potentials in graphene, µc = 0.0 eV, 0.4 eV, and 1.0 eV. 
At the chemical potential of µc = 0.0 eV, it is obvious that the reflectance is zero at the wavelength 
of 3.34 µm at which the structure is optimized, and perfect absorptance can be achieved as 
indicated in Eq. (4.1). By increasing the chemical potential of graphene layers, the reflectance is 
increased and the corresponding absorptance on graphene layers is decreased at the wavelength at 
which the structure is optimized. As such, at µc = 1.0 eV tungsten is almost the only layer that 
contributes to the total absorption at the wavelength of 3.34 µm. At this wavelength, the 
absorptance is 1.0, 0.97, 0.82, 0.64, 0.48, and 0.35 for chemical potential of µc = 0.0 eV, 0.2 eV, 
0.4 eV, 0.6 eV, 0.8 eV, and 1.0 eV, respectively. This shows the possibility of switching, i.e. 
turning off, the absorptance of the proposed structure.  
Figure 4.6 shows the effect of the chemical potential on the absorptance of the optimized 
structure. It can be observed that the maximum of the absorptance is close to unity but shifts to 
shorter wavelengths, as the chemical potential is varied. This shift is associated with the change of 
the chemical potential of graphene. In other words, the increase in the chemical potential reduces 
the absorption in graphene layers, but other layers and especially tungsten, increase their 
contribution to the total absorption, so that the maximum absorption shifts to shorter wavelengths. 
This indicates that the proposed graphene-based aperiodic structure can be electrically controlled, 
enabling a tunable thermal emitter. In the next chapter, we shed more light on the switchability 
and tunability of the proposed graphene-based thermal emitters.   
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Figure 4.5: Effect of changing the chemical potential in graphene, i.e. µc = 0.0 eV, 0.4 eV, and 1.0 
eV, on the partial absorptance and the reflectance. 
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Figure 4.6: Absorptance of the optimized structure in Fig. 4.2(a) for different chemical potentials, 
µc = 0.0 eV, 0.2 eV, 0.4 eV, 0.6 eV, 0.8 eV, and 1.0 eV.  
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CHAPTER 5 
COMPARISON OF APERIODIC GRAPHENE BASED MULTILAYER THERMAL 
EMITTERS WITH DIFFERENT NUMBER OF GRAPHENE LAYERS 
  
5.1     Introduction  
 
It has been demonstrated that multilayer structures modify the absorption spectra of bulk 
materials. This is important for many applications involving metallic gratings [9, 155], metallic 
and semiconductor photonic crystals [160-162], periodic grooves [163], and nano-antennae [13]. 
Unusual absorption characteristics in the infrared wavelength range are important for many 
applications such as photovoltaics [164, 165], control of thermal radiation [12, 166], 
photodetectors [167, 168] and chemical sensing [161, 169]. As in  [21, 170-173], our effort here 
is to design photonic nanostructures with near perfect and narrowband, i.e. selective, thermal 
emission [21, 170-173]. However, our graphene-based aperiodic multilayer structures not only 
enable narrowband thermal emission at mid-infrared wavelengths, but also provide tunable and 
switchable thermal emitters. In this chapter, several aperiodic multilayer structures with different 
number of graphene layers are optimized using the genetic optimization algorithm to determine 
the best dimensions of thermal emitters for the sake of improved selectivity, tunability, and 
switchability.  
5.2     Optimized graphene based thermal emitters 
 
Figure 5.1 shows five aperiodic thermal emitters with 8, 13, 23, 28, and 32 layers of 
graphene. By considering these five structures, the effect of the number of graphene layers on 
bandwidth, tunability, and switchability is studied. For a fair comparison, the overall thicknesses 
of these structures are kept approximately equal to 1 µm to minimize the potential effect of the 
overall thicknesses. The thicknesses of all layers in these structures are reported in appendix A.   
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Figure 5.1: Aperiodic multilayer structures with 8, 13, 23, 28, and 32 layers of graphene optimized 
using the genetic algorithm. Note: the layer thicknesses for each structure are given in 
appendix A. 
 
Figure 5.2 shows the normalized power radiated per unit area and unit wavelength by the 
structures in the normal direction as a function of wavelength. It can be observed that all five 
structures exhibit perfect emittance at λ = 3.34 µm, which corresponds to the maximum thermal 
emission of a blackbody at T = 873 K. Despite the broadband spectra of blackbody radiation, the 
graphene-based nanostructures enable narrowband infrared emittance. Interestingly, the increase 
in the number of graphene layers does not result in narrower thermal emission. Thus, the 
bandwidth of the power emitted from the structure with the smallest number of graphene layers, 
i.e. 8 graphene layers, is narrower than the one of the structure with the largest number of graphene 
layers, i.e. 32 graphene layers. However, this increase in the number of graphene layers decreases 
the strength of undesired power emitted at shorter wavelengths. Even though the structure with 8 
graphene layers shows better selectivity of thermal power emission than the structure with 32 
graphene layers at zero bias (µc = 0.0 eV), the increase in the number of graphene layers enhances 
the effect of varying the chemical potential of graphene layers, promoting larger range of tunability 
and stronger switchability as discussed in the next section.  
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Figure 5.2: Normalized power radiated per unit area and unit wavelength in the normal direction 
by the structures of Fig. 5.1 as a function of wavelength. 
 
5.3 Effect of chemical potential on selectivity, tunability, and switchability  
 
After obtaining the optimized structure for µc = 0.0 eV, the carrier density in graphene is 
increased by applying a positive DC bias, that corresponds to tuning the chemical potential to 
larger values. The increase in the chemical potential leads to modification of  the optical properties 
of the structures [63, 174], as explained in Section 3.5. Figure 5.3(a) shows the thermal power 
emitted from bulk tungsten at T = 873K. Figures 5.3(b-f) depict the effect of the increase in the 
chemical potential on the normalized power emitted from the five optimized structures with 8, 13, 
23, 28, and 32 layers of graphene.  
For the optimized thermal emitter with 8 graphene layers in Fig. 5.3(b), it can be observed 
that the increase in the chemical potential results in a spectral shift towards shorter wavelengths  
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Figure 5.3: (a) Normalized power emitted per unit area and unit wavelength in the normal direction 
from bulk tungsten at T = 873K. Normalized power emitted , per unit area and unit 
wavelength in the normal direction as a function of wavelength and chemical potential 
at T = 873K for the five optimized structures with (b) 8, (c) 13, (d) 23, (e) 28, and (f) 
32 layers of graphene. Note: the dotted vertical line shows the  wavelength of λ = 3.34 
µm at which the structures are optimized and the dash-dotted lines correspond to 
0.7×max[ ( )  ], which is used to define the bandwidth of the emission.  
 
and in narrower thermal emission. Comparing these results to the ones for the other optimized 
structures with larger number of graphene layers in Figs. 5.3(c-f), one can notice the more 
pronounced effect of chemical potential variation on the peak emission wavelength and the 
emission bandwidth as the number of graphene layers is increased.  
The switchability can be inferred from the figure by looking at the dotted line that 
corresponds to the wavelength at which the structures are optimized. It can be observed that, for 
the optimized structure with 8 graphene layers, changing the chemical potential from 0.0 eV to 1.0 
eV does not result in significant change in the normalized power emitted from the structure. 
However, the normalized power emitted from the optimized structure with 32 graphene layers can 
51 
 
be almost completely eliminated by increasing the chemical potential in this range, so that perfect 
emittance of unity at µc = 0.0 eV can be switched to zero by setting µc equal to 1.0 eV.  
In the rest of this chapter, the selectivity, tunability, and switchability of the thermal 
emittance is studied for the optimized aperiodic multilayer structures with 8, 13, 23, 28, and 32 
graphene layers by varying the chemical potential from 0.0 eV to 1.0 eV.  
While blackbody thermal emission is broadband, narrowband thermal emission can be 
achieved using the optimized nanophotonic structures. Figure 5.4 shows the effect of changing the 
chemical potential on the bandwidth of the thermal power emitted from the optimized structures 
with different numbers of graphene layers, i.e. the selectivity of the structures. The bandwidth   
is measured at the wavelengths at which the normalized power emitted becomes 0.7×max[ ( )  ]. 
It can be observed that for all the optimized structures the selectivity of thermal emittance in 
wavelength becomes stronger by increasing the chemical potential. At µc = 0.0 eV, the structure 
with 8 graphene layers has the power spectrum with the narrowest bandwidth, 315nm  , i.e. 
better selectivity in wavelength, while the power emitted from the structure with 32 graphene 
layers has about three times broader bandwidth. However, the larger number of graphene layers in 
the structure provides stronger control of the bandwidth by increasing the chemical potential. The 
power emitted from the structure with 32 graphene layers becomes three times narrower, changing 
from 874nm   to 286nm , by increasing the chemical potential from 0.0 eV to 1.0 eV, while 
the bandwidth  of the 8 layer graphene structure only changes from 315nm   to 234nm for 
the same change in the chemical potential. As such, the nanophotonic structure with 32 layers of 
graphene enables stronger selectivity for thermal emission, which is electrically controllable by 
tuning the chemical potential in graphene layers.  
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Figure 5.4: Bandwidth  , i.e. selectivity, of the thermal power emitted from the optimized 
structures with different numbers of graphene layers versus chemical potential. The 
bandwidth is measured at the wavelengths at which the normalized power emitted 
becomes 0.7×max[ ( )  ].  
Figure 5.5 shows the effect of changing the chemical potential on the tunability of the 
thermal power emitted from the optimized structures with different numbers of graphene layers. It 
can be observed that the normalized power emitted from all the structures can be shifted to lower 
wavelengths by increasing the chemical potential in graphene. The range of tunability is increased 
by increasing the number of graphene layers in the aperiodic multilayer structures. For instance, 
the shift of the peak emission for the structure with 32 graphene layers is ~3.5 times larger than 
the one for the structure with 8 graphene layers, changing from 3.34 μm   to 2.85 μm  by 
increasing 0.0  eVc   to 1.0  eV . However, the peak normalized power emitted from the 
structures deviates from the one for perfect emitters, especially in the middle of the chemical 
potential range. Overall, the aperiodic multilayer structure enables a tunable thermal emitter that 
can be electrically controlled by changing the chemical potential in graphene layers. 
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Figure 5.5: Tunability of the peak normalized power emitted per unit area and unit wavelength in 
the normal direction for the optimized structures with different number of graphene 
layers when the chemical potential is varied. 
Figure 5.6 shows the effect of changing the chemical potential on the thermal power 
emitted at 3.34 μm   for the optimized structures with different numbers of graphene layers. It 
can be observed that the normalized power emitted for all the optimized structures significantly 
decreases by increasing the chemical potential in graphene. For instance, by increasing the 
chemical potential form 0.0 eV to 1.0 eV, the normalized power emitted from the structure with 8 
graphene layers decreases by ~25%, changing from perfect value of unity to ~0.75. The range of 
change in thermal emission increases by increasing the number of graphene layers in the aperiodic 
multilayer structures, so that for the structure with 32 graphene layers the normalized emitted 
power at µ = 1.0 eV decreases by ~83%, which is about 4.5 times larger decrease than for the 
structure with 8 graphene layers. As such, the proposed nanophotonic structure enables switchable 
thermal emittance that can be electrically controlled by changing the chemical potential of 
graphene layers. 
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Figure 5.6: Switchability of the emitted thermal power from the optimized structures with different 
number of graphene layers as the chemical potential is varied. 
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CHAPTER 6 
CONCLUDING REMARKS AND RECOMMENDED FUTURE WORK 
 
6.1    Conclusion 
All materials at finite temperature emit electromagnetic radiation due to the thermally 
induced motion of particles and quasiparticles. Dynamic control of this radiation could enable the 
design of novel infrared sources. However, the spectral characteristics of the radiated thermal 
power are dictated by the electromagnetic energy density and emissivity, which are ordinarily 
fixed properties of the material and temperature.  
In this thesis, we presented new aperiodic multilayer structures as selective, tunable and 
switchable thermal emitters. These structures composed of multiple layers of graphene and hBN 
are optimized by the genetic algorithm to obtain perfect absorptance/emittance in a narrow 
wavelength range in the infrared.  
More specifically, five aperiodic thermal emitters with 8, 13, 23, 28, and 32 layers of 
graphene are optimized at zero chemical potential µc = 0.0 eV, i.e. zero perpendicular DC electric 
field. The optimization took place at λ = 3.34 µm, which corresponds to the maximum power 
emitted from a thermal source at T = 873 K. It has been shown that the optical properties of 
graphene can be significantly manipulated by varying the chemical potential, leading to electrically 
controllable thermal emitter sources.  
Despite the broadband spectra of thermal radiation, the graphene-based nanostructures 
enable narrowband power emission in the infrared. It has been demonstrated that the structure with 
larger number of graphene layers shows broader bandwidth of thermal power emission, i.e. lower 
selectivity. More specifically, the power emitted from the structure with 32 graphene layers is 
about three times broader than that of the structure with 8 graphene layers.  
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The increase in the number of graphene layers, however, enhances the effects of chemical 
potential, promoting larger tunability and stronger switchability. The increase in the chemical 
potential results in a spectral shift towards shorter wavelengths, as well as decreased power emitted 
from the thermal source at the wavelength of λ = 3.34 µm at which the structures are optimized. 
More specifically, the shift of the peak emission wavelength for the structure with 32 graphene 
layers is ~3.5 times larger than that of the structure with 8 graphene layers.  
The increase in the number of graphene layers also enhances the switchability by changing 
the chemical potential. The spectral shift towards shorter wavelengths results in decreased power 
emitted from the thermal source at the wavelength at which the structures are optimized, i.e. λ = 
3.34 µm. The power emitted from the structure with 8 graphene layers decreases by ~25% by 
increasing the chemical potential form 0.0 eV to 1.0 eV.  In addition, the range of the change in 
the normalized power is increased by increasing the number of graphene layers in the aperiodic 
multilayer structures, so that the structure with 32 graphene layers can decrease by ~83% the 
normalized power emitted for µ = 1.0 eV, which is ~4.5 times stronger decrease than for the 
structure with 8 graphene layers. As such, these structures enable a switchable thermal emitter at 
a given wavelength that can be electrically controlled by changing the chemical potential of 
graphene layers. 
In summary, the dynamic control of the proposed graphene-based aperiodic multilayer 
structures could pave the way to a new class of tunable and switchable thermal sources in the 
infrared range of electromagnetic spectrum. 
6.2     Recommendations for future work 
A large range of different properties are observed in 2D layered materials. As such, 
combining them in sandwich structures (made up of two, three, four or more different layers of 
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such materials) can offer even greater scope. Hybrid multilayered structures can be constructed by 
combining 2D materials with atomic precision and individual layers of very different character. 
The properties and functionality of these structures can be tuned to fit an enormous range of 
possible applications.  
Transition metal dichalcogenide (TMDC) monolayers are atomically thin semiconductors 
of the type MX2, with M a transition metal atom (Mo, W, etc.) and X a chalcogen atom (S, Se, or 
Te). Unlike graphene, some members of the TMDC family are true semiconductors with 
appreciable bandgaps in the range of 1-2 eV, making them suitable for near-infrared absorption 
and emission. Interestingly, although these materials have an indirect gap in bulk and few-layer 
form, upon thinning down to monolayers they become direct-gap semiconductors with strong 
photoluminescence [72, 73]. The bandgaps in TMDCs have also been shown to be tunable - over 
a range from semiconducting to near metallic - by external electric field. As such, these new 2D 
materials can be investigated to possibly substitute or be combined with graphene layers in 
aperiodic multilayer structures such as those studied in this thesis, and potentially lead to highly 
tunable thermal emitters for specific applications. 
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APPENDIX B 
LETTER OF PERMISSION FOR ADOPTED FIGURES 
Figure 2.1 is adopted by permission from [1]. 
 
Figure 2.2 is adopted by permission from [2]. 
 
Figure 2.3(a) is adopted by permission from [3]. 
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Figure 2.3(b), 2.3(c) and 2.4(a) are adopted by permission from [4]. 
 
Figure 2.5 is adopted by permission from [6]. 
AAAS reprint and permission at http://www.sciencemag.org/help/reprints-and-permissions, 
quoted “If you are using figure(s)/table(s), permission is granted for use in print and electronic 
versions of your dissertation or thesis.” 
 
Figure 2.6 is adopted by permission from [7]. 
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